Abstract. During the NASA DISCOVER-AQ campaign over the US Baltimore, MD-Washington, D.C., metropolitan area in July 2011, the NASA P-3B aircraft performed extensive profiling of aerosol optical, chemical, and microphysical properties. These in situ profiles were coincident with ground-based remote sensing (AERONET) and in situ (PM 2.5 ) measurements. Here, we use this data set to study the correlation between the PM 2.5 observations at the surface and the column integrated measurements. Aerosol optical depth (AOD 550 nm ) calculated with the extinction (550 nm) measured during the in situ profiles was found to be strongly correlated with the volume of aerosols present in the boundary layer (BL). Despite the strong correlation, some variability remains, and we find that the presence of aerosol layers above the BL (in the buffer layer -BuL) introduces significant uncertainties in PM 2.5 estimates based on column-integrated measurements (overestimation of PM 2.5 by a factor of 5). This suggests that the use of active remote sensing techniques would dramatically improve air quality retrievals. Indeed, the relationship between the AOD 550 nm and the PM 2.5 is strongly improved by accounting for the aerosol present in and above the BL (i.e., integrating the aerosol loading from the surface to the top of the BuL). Since more than 15 % of the AOD values observed during DISCOVER-AQ are dominated by aerosol water uptake, the f (RH) amb (ratio of scattering coefficient at ambient relative humidity (RH) to scattering coefficient at low RH; see Sect. 3.2) is used to study the impact of the aerosol hygroscopicity on the PM 2.5 retrievals. The results indicate that PM 2.5 can be predicted within a factor up to 2 even when the vertical variability of the f (RH) amb is assumed to be negligible. Moreover, f (RH = 80 %) and RH measurements performed at the ground may be used to estimate the f (RH) amb during dry conditions (RH BL < 55 %).
Introduction
Atmospheric aerosol particles have important influences on global climate and ecosystem processes, depending on their physical and chemical properties. Due to numerous studies highlighting negative health effects as a result of aerosol particle exposure, more efficient abatement measures have received serious consideration (Annesi-Maesano et al., 2007) . Particulate matter (PM) is classified as a criteria pollutant and air quality standards have been established addressing PM 2.5 , which represents the total mass concentration near the surface of particles with aerodynamic diameters less than 2.5 µm. The current air quality monitoring network provides relatively sparse geographic coverage (as an example, only 6 stations are monitoring the air quality in the San Joaquin Valley (CA); Sorek-Hamerv et al., 2013) and is mostly limited to urban areas where PM 2.5 concentrations are greatest. Improving global air quality monitoring measurement resolution to capture small-scale variability is a necessary priority of both the scientific and policy communities.
One important step toward this goal is the use of spaceborne sensors that allow near-continuous aerosol monitoring throughout the world. Yet, the complexity and resolution of aerosol satellite retrievals, as well as uncertainties associated with cloud interference, challenge these efforts. Several studies have explored the possibility of evaluating air quality from space (Hoff and Christopher, 2009 and references therein) and report comparisons between space and ground level measurements of aerosol concentrations for Europe (Chu et al., 2003; Vidot et al., 2007; Schaap et al., 2009 ), Canada (Van Donkelaar et al., 2006 , the United States (Wang and Christopher, 2003; Engel Cox et al., 2004; Van Donkelaar et al., 2006; Gupta and Christopher, 2009a, b) , and other locations around the globe (Gupta et al., 2007; Kumar et al., 2007 Kumar et al., , 2008 . Overall, these studies have attempted to relate the spaceborne column measurements of aerosol optical attenuation to surface measurements of PM 2.5 , especially in the summertime (Engel-Cox et al., 2006; Tian and Chen, 2010) and over urban areas (Liu et al., 2005; Schaap et al., 2009 ). The eastern United States, in comparison to the western United States, has been shown to be a good location for ascertaining PM 2.5 information from aerosol optical depth (AOD) due to (1) more uniform vertical distribution of aerosols, (2) chemical composition that is dominated by sulfates and (3) widely distributed anthropogenic emission sources (Engel-Cox et al., 2006) . However, the uncertainty in relating a column integrated AOD to ground-level PM 2.5 is compounded by spatial scale and timing mismatches between the measurements. Ground measurements necessitate averaging over timescales from hourly to daily, which improves the PM 2.5 / AOD relationship (Gupta et al., 2006) but sacrifices accuracy during strong, short-lived pollution events that may be critical for air quality predictions and assessing air quality nonattainment. In addition, spaceborne AOD retrievals over bright surfaces can lead to the overestimation of the AOD (Van Donkelaar et al., 2006) and therefore an overestimate in PM 2.5 .
Recent field work over the United States (Al-Saadi et al., 2008) and a three-year analysis in Taiwan (Tsai et al., 2011) using airborne (high-spectral resolution lidar, HSRL) and ground-based lidar measurements (Micro-Pulse Lidar Network (MPLNET) or aerosol robotic network (AERONET)) suggest vertical distributions are helpful to normalize satellite observations of column AOD and result in dramatically improved correlation with surface PM 2.5 observations. Although incorporating the boundary layer (BL) depth improves the AOD-PM 2.5 relationship, elevated layers can still confound results. Several studies reported the importance of an aerosol layer above the BL since elevated aerosol layers increase the AOD but are decoupled from the surface-based aerosol measurements (Engel-Cox et al., 2006; Schafer et al., 2008; He et al., 2008) . For example, He et al. (2008) found that only 64 % of the monthly mean aerosol optical depth over Hong Kong is due to aerosols within the BL. Still, while lidar measurements have shown a promising path forward, the limited spatial and temporal coverage of current measurements make assumptions necessary to extrapolate vertical distributions over regional and global scales.
A major advantage of remote sensing techniques is that they give information about particles as they occur in the atmosphere (i.e., at ambient relative humidity (RH)), while in situ aerosol measurements, including PM 2.5 , are generally performed at drier conditions (often RH ≤50 %, Collaud Coen et al., 2013) . The amount of water absorbed by an aerosol is a function of its dry diameter and chemical composition. Water uptake changes the ambient aerosol mass (Pilinis and Seinfeld, 1989) and the aerosol optical properties (Schuster et al., 2009 ) and thus the AOD (Koelemeijer et al., 2006) . Currently, aerosol liquid water content is not systematically measured at the ground sites of the global atmosphere watch (GAW) network nor on a global scale, so many studies either neglect the aerosol liquid water content when parameterizing the relationship between AOD and PM 2.5 (Kaufman et al., 2002; Liu et al., 2005; Kumar et al., 2007; Schaap et al., 2009) or use a measurements-derived dependence of extinction coefficient on relative humidity (f (RH)) and the surface ambient RH to estimate the aerosol liquid water content throughout the atmospheric column (e.g., Tsai et al., 2011; Koelemeijer et al., 2006) . Gupta and Christopher (2009a) showed that the inclusion of meteorological parameters (e.g., RH, temperature, wind speed and cloud fraction) in addition to the BL height improve the estimation of ground level PM 2.5 from column-integrated measurement by 21 %.
Given the possible benefits and current challenges of utilizing satellite-based observations to predict ground-level particulate air quality, the NASA DISCOVER-AQ (Deriving Information on Surface Conditions from COlumn and VERtically Resolved Observations Relevant to Air Quality) project was designed to deploy a coordinated and complex suite of ground and airborne measurements. The DISCOVER-AQ strategy is to make systematic, colocated observations of aerosol properties by in situ and remotesensing techniques over a large diversity of source regions in the US (Baltimore-Washington, D.C., area, in summer 2011; San Joaquin Valley, CA, in winter 2013, and Houston, TX, in summer 2013) and over surfacebased monitoring stations to provide continuous measurements of criteria pollutants. Here we focus on the Baltimore, MD-Washington, D.C., metropolitan area campaign and use this data set to evaluate our ability to diagnose surface PM 2.5 conditions from simulated satellite observations with the unique benefit of a highly systematic characterization of the vertical extent of aerosols along with a dense coverage of ground measurements. The sampling location and the platforms used are described in Sect. 2, the P-3B instrumentation and the ground-based observations are described in Sect. 3, and the methodology in Sect. 4.
In Sect. 5, the AOD-PM 2.5 relationship is quantitatively assessed by systematically showing that (i) low-altitude airborne and ground-level aerosols and trace gases measurements can be statistically compared, (ii) changes in groundlevel PM 2.5 (i.e., mass loading, effective radius, and chemical composition) directly affect observed AOD variability, and (iii) knowledge of aerosol vertical distribution and RH are essential parameters to better constrain the derived AOD/PM 2.5 relationship.
Sampling location and platforms
The success of DISCOVER-AQ relies on the systematic and concurrent observation of column-integrated, surface, and vertically resolved distributions of aerosols and trace gases relevant to air quality as they evolve throughout the day. This has been accomplished with a combination of two NASA aircraft, a P-3B and UC-12, sampling in coordination with surface networks during field campaigns over regions characterized by a wide variety of aerosol sources. This analysis focuses on measurements from the P-3B, which was equipped with in situ aerosol instruments to measure microphysical, optical, and chemical properties of aerosols. The NASA P-3B aircraft performed 14 flights of nominal 8 h duration in the Baltimore-Washington metropolitan area in July 2011.
Flight paths for the P-3B varied minimally from flight to flight, with each flight normally involving 2 to 4 vertical profiles (spirals) over each ground site (Fig. 1) . The large statistical data set allows unbiased analysis of day-to-day, diurnal, spatial, and vertical variability in this region. The P-3B performed a total of 247 profiles over the area's six ground sites (43 over Beltsville, 39 over Padonia, 43 over Aldino, 38 over Fairhill, 45 over Edgewood, and 39 over Essex; see Fig. 1 for locations). The range of vertical profile sampling was mostly limited by the air traffic control restrictions. As a result, the vertical profiles are typically from 0.3 to 3.2 km (pressure altitude), except Beltsville, where the top of the profile is about 1.50 km due to the presence of a flight path frequently used.
Instrumentation and observations

Ground sites
The ground sites were equipped with Sun photometers within the Aerosol Robotic Network (AERONET, Holben et al., 1998) , providing a direct measure of AOD at seven wavelengths (approximately 0.340, 0.380, 0.440, 0.500, 0.675, 0.870, and 1.02 µm) with an estimated uncertainty of 1-2 % (Holben et al., 2001) . Beltsville, Fairhill and Edgewood were also equipped with in situ aerosol and trace gas monitors that were operated within EPA's (Environmental Protection Agency) AQS (Air Quality System) network (http: //www.epa.gov/ttn/airs/airsaqs/). Relevant to this study are the EPA's PM 2.5 and ozone measurements. The PM 2.5 mass Fig. 1 . Location of the DISCOVER-AQ field campaign no. 1 over Baltimore-Washington metropolitan area. The flight path followed by the P-3B is represented by the red line and the numbers correspond to the ground sites. Flight paths did not vary greatly between flights.
concentrations were measured with Met One 1020 beta attenuation monitors (BAM, Macias and Husar, 1976) . The PM 2.5 data are reported as hourly averages. The detection limit for the hourly averaged measurements is reported by the manufacturer at 4.0 µg m −3 , and the relative uncertainty is about ± 0.1 µg m −3 . Ozone mixing ratios were measured at each ground site by UV absorption (Gao, 2012) .
Airborne (P-3B)
Aerosols were sampled through an isokinetically controlled inlet and delivered to a comprehensive suite of aerosol instruments on board the NASA P-3B aircraft. The inlet has been previously evaluated and shown to efficiently transmit particles smaller than 4 µm diameter . Simultaneous measurements of scattering (σ scat ) and absorption coefficients (σ abs ), aerosol size distribution, and aerosol chemical composition were made during DISCOVER-AQ. Dry scattering coefficient (σ scat ) measurements were made at 1 Hz using a three-wavelength nephelometer (TSI 3563) operating at 450, 550, and 700 nm at RH less than 40 %. The nephelometer was calibrated using filtered air and CO 2 (Anderson and Ogren, 1998) prior to, during, and after the mission. The scattering coefficient has been corrected from angular truncation errors and illumination intensity nonidealities based on Anderson and Ogren (1998) . Measurements σ abs were also at 1 Hz by a particle soot absorption photometer (PSAP, Radiance Research, Inc.) at 470, 532, and 660 nm wavelengths and interpolated to 550 nm using the observed Ångström exponent of absorption between 470 and 660 nm. The RH in the PSAP was not actively controlled, but filters were heated to 40 • C to reduce variability of the measurements. PSAP data have a known scattering interference from particles deposited on the collection filter, and the measurements were post-corrected following Virkkula et al. (2010) . Basic principles of filter-based measurements, like the PSAP, limit the accuracy of the observed absorption coefficient to 20 to 30 % (Ryder et al., 2013) . Extinction coefficients were then calculated at dry RH (< 40 %) by summing the σ scat and σ abs .
Observations of particle hygroscopicity (f (RH = 80 %), defined as the ratio of humidified to dry scattering coefficient, were obtained using an additional, parallel three-wavelength integrating nephelometer operating at a RH controlled at 80 ± 4 %. This technique is described in more detail by Ziemba et al. (2013) . The sample flow routed to both nephelometers was actively dried using a nafion dryer (Perma-Pure FC-125-240-10PP), which efficiently passed accumulation mode aerosol (> 90 % transmission). Data contaminated by cloud penetrations (droplet shattering on the inlet tip) were identified visually via high particle number concentration and removed. The f (RH) amb used to convert the measured extinction coefficient from dry (σ ext,dry ) to the ambient humidity conditions (σ ext,amb ) is defined as 
where γ is an experimentally determined variable dependent on the dry and wet scattering coefficient (σ sca,dry and σ sca,wet , respectively). The ambient RH measurements were performed by a hygrometer located outside the aircraft. During DISCOVER-AQ, γ varied between 0.2 and 0.7, and was inversely correlated with the organic mass fraction of the aerosol (Beyersdorf et al., 2014) , consistent with the results from Quinn et al. (2005) . According to the Eq. (1), the particle extinction efficiency is monotonically modified as RH increase or decrease and thus does not account for the hysteresis behavior of deliquescent aerosol particles (FierzSchmidhauser et al., 2010) . Recently, Ziemba et al. (2013) presented a statistical comparison of in situ extinction coefficient measurements (adjusted to 532 nm) coincident with remote-sensing observations performed by the HSRL (measured at 532 nm). It revealed good agreement (slope 1.11 and R 2 = 0.88) consistently over the entire ambient RH range within instrumental uncertainty. Part of this systematic difference may be due to particle losses through the inlet and the dryer (10 % losses through the dryer). This result demonstrated that (1) all the particles observed by the HSRL are within the sampling size range of the in situ measurements (i.e., particles observed in this region are smaller than the inlet cutoff diameter of 4 µm) and (2) the parameterization (Eq. (1); Hänel (1976); Hänel (1984) ; Hegg et al. (1993); Tang (1996) ; Anderson and Ogren (1998); Carrico et al. (1998); Carrico et al. (2000) ; Gasso et al. (2000); Day et al. (2001) ) is valid to correct observations performed at dry RH to ambient conditions. Along with the optical measurements, dry aerosol size distributions were determined for 0.06-1.0 µm diameter particles using an ultra-high sensitivity aerosol spectrometer (UHSAS, Droplet Measurement Technologies) with a 1 Hz frequency. The UHSAS was calibrated with polystyrene latex spheres (PSL) and post-corrected with ammonium sulfate in order to provide optical particle sizing most representative of ambient aerosol. The σ scat,dry measurements were compared to modeled σ scat,dry calculated using Mie theory, the UHSAS size distribution measurements, and assuming a particle refractive index of 1.53-0.00 i for ammonium sulfate (Ziemba et al., 2013) . This closure exercise (slope of 0.991 ± 0.004 and r 2 of 0.98) gives confidence in both the σ scat,dry and dry size distribution measurements.
Chemical composition measurements were made with a pair of particle-into-liquid samplers (PILS). The PILS captures soluble aerosol constituents in the sampled air flow into a liquid flow of deionized water. The first PILS was coupled to a total organic carbon (TOC) analyzer (Sievers Model 800) to give the mass of the water-soluble organic carbon at a 10 s time resolution. The effluent from the second PILS was collected in 0.8 mL vials for later ion chromatographic measurement of sodium, ammonium, potassium, calcium, magnesium, chloride, nitrite, nitrate and sulfate. Sampling intervals for the inorganic analysis varied between three and five minutes.
Methodology
The AOD represents the integral of the ambient aerosol extinction coefficient, σ ext,amb from the surface (z surf ) to the top of the atmosphere (z TOA ):
Since the P-3B profile typically begins at ∼300 m altitude, it is necessary to add the aerosol extinction between 0-300 m in order to calculate an AOD from the observed σ ext,amb (Eq. 2) for comparison with surface-base measurements. In the absence of additional aerosol sources and assuming the boundary layer is well mixed, the measurements between the aircraft and the surface should be coupled and consistent. As the P-3B measurements were performed during the summer, the BL is expected to be well mixed throughout the daytime except in the early morning before surface heating becomes a driving factor. The ozone mixing ratio is the only quasiconserved parameter between the P-3B that is also measured at each of the ground sites and is a good tracer, as it will be fairly uniform in a well-mixed boundary layer. Figure 2 shows the ozone measured at the lowest level of the P-3B profile as a function of ozone at the surface (MDE ground sites). The high correlation coefficient (0.98) and linear regression slope of 1.01 illustrate that mixing in the BL is sufficient to assume aerosol loading and properties are homogeneous from the lowest aircraft altitude to surface. Similar results were obtained for analysis of each site independently. Thus, the AOD P-3B is calculated by assuming a constant σ ext,amb value between the lowest aircraft altitude to surface. The estimated portion is typically less than 16 % of the AOD P-3B and any variability resulting from the assumption of constant aerosol extinction in the surface layer is likely minor.
To evaluate whether the measured AOD P-3B are representative of the entire atmospheric column, values were directly compared to the AOD measured by the AERONET Sun photometers (AOD TOA , see Fig. 3 ), which is considered as a reference for AOD measurements (Holben et al., 1998) . Only profiles performed within a 1 h window of the AERONET retrievals were used in this comparison. A total of 114 profiles met these criteria. The AOD P-3B was calculated using the measured scattering coefficient adjusted to 440, 500 and 675 nm using the scattering Ångström exponent and the measured absorption coefficient adjusted to the same wavelength using the absorption Ångström exponent. The comparison shows good correlation (R 2 = 0.96 for each wavelength), although AOD TOA values are higher than the AOD P-3B by nearly a factor of 1.23, based on the slope of the linear regression. Other studies have also noted that AODs calculated from in situ instrumentation and retrieved by remote sensing are well correlated, with the latter typically greater than the former (Schmid et al., , 2009 Hartley et al., Fig. 3 . AOD measured by AERONET as a function of AOD retrieved from the P-3B extinction measurements for three wavelengths (440, 500 and 675nm, respectively blue, green and red). The error bar depicts the instrumental variability for the AOD calculated from the P-3B measurements and ± 0.02 for the AOD measured by AERONET (Holben et al., 1998). 2000; Sheridan et al., 2002; Andrews et al., 2004) . Esteve et al. (2012) listed the different hypotheses to explain the discrepancy between the AOD measured by AERONET and the one calculated from in situ measurements. The good agreement (discrepancy of 11 %) between the in situ and HSRL measurements allow us to estimate at 11 % the errors due to measurement adjustments (angular truncations, wavelength changes, hygroscopic growth), particle losses and underestimation of the contribution below the P-3B profile height. Thus, the larger offset (23 %) observed between the AOD from AERONET and from in situ measurements may be due to underestimation of the contribution below the P-3B profile height, the presence of an aerosol layer above the HSRL flight level (above 8.5 km), incorrect AERONET AOD cloud screening, the temporal variability of the aerosol optical properties, and a bias in the AERONET measurements.
The impact of atmospheric structure on measured AODs was examined using the temperature, relative humidity, and wind data recorded during the P-3B profiles. At least three dynamical layers are evident: the boundary layer (BL), the buffer layer (BuL) and the Free Troposphere (FT). The well-mixed, boundary layer is determined as Lenschow et al. (1999) , while the BuL is the transition layer between the BL and the FT with a pronounced gradient of aerosol concentrations from the typically higher concentration observed in the BL and typically cleaner conditions observed in the FT. The use of the BuL here emphasizes its differences from previous concepts of a residual or intermediate layer. Since the BuL is intermittently turbulent, it can entrain fluid from both the underlying BL and the overlying FT (Russell et al., 1998) . Therefore, Eq. (2) can be rewritten to assess the observed AOD: Fig. 4. Profiles (a, b, c) of the ambient extinction coefficient (550 nm) observed aboard the P-3B over Edgewood on 20, 21 and 28 July 2011, respectively. Time series (d) of the aerosol optical depth (AOD at 550 nm, black dots) calculated from the integration over the column of the extinction coefficients measured aboard the P-3B, the PM 2.5 measured from the Edgewood ground site (grey line), the mass extinction efficiency (MEE, red dots) and the ratio of the sulphate mass concentration over the water soluble organic mass concentration (blue dots) measured at the lowest level of the P-3B profiles. Table 1 . Aerosol optical depth (550 nm) calculated for the cases study shown in Fig. 4a, b , c for the boundary layer (BL), the buffer layer (BuL) and the free troposphere above the BuL (FT). The AOD contributions are indicated in the parentheses.
Case 1 (Fig. 4 a) 
where z BL , z BuL , and z P-3B denote the atmospheric boundary layer (BL) height, buffer layer (BuL) top, and the top of the P-3B sampling height, respectively. Each integral in Eq. (3) reflects the variation of the observed σ ext,amb (550 nm) as a function of the altitude, which is shown in Fig. 4a , b, c. These case studies, performed on 20 July 2011 (a), 21 July 2011 (b) and on 28 July 2011 (c), represent the three vertical aerosol distributions commonly observed during the campaign. The first case study on 20 July 2011 (Fig. 4a) represents more than 60 % of observations and highlights high values of σ ext,amb within the BL. The second study case on 21 July 2011 (Fig. 4b) represents 17 % of the observed profiles and shows the presence of the aerosol capped by the top of the BuL. Finally, an aerosol layer with significant σ ext,amb values (550 nm) can be detected above the buffer layer (case on 28 July 2011, Fig. 4c ). Table 1 describes the averaged contribution of the aerosols present within each layer to the total AOD 550 nm for the three different vertical aerosol distributions observed during DISCOVER-AQ. The presence of an aerosol layer aloft the BL, accounting for a large part of the AOD 550 nm , has been observed in 40 % of the profiles.
One can see that the BuL contribution to the total AOD is on average larger than 38 % and is thus nonnegligible. Moreover, when an aerosol layer is present aloft the BuL, the averaged contribution of the aerosol within the BL to the total AOD 550 nm decreases to 16 %.
σ ext,dry (z) can be expressed as the product of the mass extinction efficiency (MEE dry ) and aerosol mass loading (M dry ):
Furthermore, the value of σ ext,dry has a variability of 9 % within the BL based on BL averages for all profiles. Thus, it is reasonable to believe that the BL is vertically well mixed and, assuming that aerosol loading above the BL is negligible, Eq. (3) can be further reduced to Eq. (6), which is commonly cited in the literature (e.g., Koelemeijer et al., 2006) :
The large number of profiles acquired during the DISCOVER-AQ campaign offers a unique opportunity to study the validity and the impact of the assumptions made in Eq. (6).
Results
During the campaign, the PM 2.5 observations performed at each of the three relevant ground sites show similar temporal tendencies. A time series for PM 2.5 at the Edgewood site is shown in Fig. 4d along with the AOD 550 nm , the derived mass extinction efficiency (MEE, 550 nm), and the sulfateto-WSOC (water soluble organic carbon) as a function of the Julian day. This time series highlights the large range of the hourly averaged PM 2.5 values within a highly polluted period (Julian day 201-205, PM 2.5 greater than 30 µg m −3 ) and a clean period (Julian day 195-199, PM 2.5 less than 10 µg m −3 ). Note the largest PM 2.5 values are associated with the highest sulfate / WSOC ratio and the largest effective radius (calculated as the ratio of 3rd and 2nd moments of the UHSAS aerosol size distribution, Fig. 5 ). In order to determine the geographical origins and the history of these air masses, back trajectory calculations are performed using the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model (Draxler and Rolph, 2010) . HYSPLIT was initialized for each ground site for every P-3B profile four days backward in time. During clean periods, the back trajectories did not show any systematic pattern for the air mass origins, while highly polluted periods were associated with air masses coming from the Ohio River valley, a region typically associated with power plant emissions. Indeed, Peltier et al. (2007) reported sulfate concentration up to 30 µg m −3 over this region during the New England Air Quality Study (NEAQS) airborne field campaign in 2002, and Ziemba et al. (2007) found enhanced ammonium sulfate concentrations associated with long-range transport events from this region to the northeast United States during ICARTT in 2004. The differences in the aerosol sources may also explain the effective radius differences, as emissions of primary organic , and Edgewood (c)) as a function of the AOD (550 nm) calculated using extinction profiles performed by the P-3B. The color code represents the effective radius (nm). The horizontal dashed line corresponds to the detection limit of the BAM (4 µg m −3 ). The error bars correspond to the measurement variability (± 1σ ). The grey fit (equation in black) is for all retrieved AOD values, while the blue fit is for cases with prevalent fine-mode aerosols (R eff < 100 nm).
aerosol are typically of smaller diameter (Zhang et al., 2005; Volkamer et al., 2006) . The aerosol chemical composition is strongly linked with the aerosol size distribution, with larger particles being enriched with sulfate. The aerosol MEE 550 nm , sensitive to both aerosol physical and chemical properties, was calculated using the PM 2.5 and the average dry aerosol extinction (550 nm) measured at the lowest P-3B flight altitude. The MEE 550 nm varied between 2.6 and 9.7 m 2 g −1 during the entire campaign with a median of 5.04 m 2 g −1 . The highest MEE 550 nm values correspond to PM 2.5 values close to the detection limit (< 4 µg m −3 ). By filtering the MEE 550 nm as a function of the sulfate concentration, two distinct aerosol MEEs were observed during the DISCOVER-AQ campaign: aerosols enriched in sulfate related to power plant emissions (MEE 550 nm ∼5.3 ± 0.4 m 2 g −1 ) and aerosols enriched in organics related to urban emission (MEE 550 nm ∼3.8 ± 0.9 m 2 g −1 ). These values are consistent with previous studies. Husar et al. (2000) reported MEE values measured on the east coast of the United States, on average about 4.9 m 2 g −1 . Moreover, Pereira et al. (2008) Figure 5 shows the correlation between PM 2.5 measured from the EPA ground sites at (a) Beltsville, (b) Fairhill, and (c) Edgewood and the AOD 550 nm calculated for each profile performed by the P-3B. The color code corresponds to the effective radius. As previously stated, the profiles performed over Beltsville were confined to altitudes lower than 1.5 km (due to air traffic controller restrictions) while those performed over Fairhill and Edgewood reached 3 km. The integration of the extinction coefficient over a different altitude range may have caused an underestimation of the AOD 550 nm over Beltsville. An orthogonal distance regression has been applied for each site for all data (regardless of particle effective radius) and is displayed in the top left corner of each figure. Correlations between integrated column and surface measurements are very strong (correlation coefficients larger than 0.84 at Beltsville, 0.79 at Fairhill and 0.82 at Edgewood). The slopes are similar for each site, 66.1 (µ,g m 3 per unit of AOD 550 nm ) at Beltsville, 48.5 at Fairhill, and 38.7 at Edgewood. Hoff and Christopher (2009) summarized the linear regressions between the AOD 550 nm and the PM 2.5 obtained over the United States, Europe and China from 15 independent studies. They found the average slope, calculated using only the studies over the United States, was approximately 63 ± 51. Moreover, Engel-Cox et al. (2006) retrieved a slope between 31 and 49 over Baltimore during the summer 2004, which is in good agreement with the values obtained in this study.
Hoff and Christopher (2009) discussed a hypothetical nonlinearity between AOD and PM 2.5 based on simulation results (Liu et al., 2005) and assumed that this hypothetical nonlinearity would be due to a sparse distribution of the AOD values during clean periods (especially for AOD < 0.1). As more than 40 % of the P-3B profiles were performed during clean periods, DISCOVER-AQ offers a great opportunity to study this nonlinearity. According to Fig. 5 , these clean periods are related to the presence of small particles (75 < R eff < 100 nm) enriched in organics (MEE 550 nm ∼4 m 2 g −1 ) in contrast to polluted periods dominated by larger (R eff greater than 100 nm) sulfate particles. According to Mie theory, small particles (R eff less than 100 nm) are significantly less optically active than larger paricles, but still impact the total aerosol mass. Therefore, the presence of small particles induces nonlinearity between the AOD 550 nm and the PM 2.5 , which is clearly depicted by the linear fits (blue lines) using exclusively the clean periods shown in Fig. 5 for each site. The slopes differ by a factor between 2.5 and 3 and highlight the low extinction efficiency of the small particles (75 < R eff < 100 nm); values of 177, 154, 108 µ,g m 3 per unit of AOD 550 nm were derived for Beltsville, Fairhill, and Edgewood, respectively. Therefore, these results show the necessity of measurements at multiple wavelengths, i.e., determination of the Ångström Exponent, to account for the nonlinearities in the PM 2.5 -AOD 550 nm relationship due to the presence of small particles. The effective radius and the Ångström exponent measured aboard the P-3B are found to be directly related (see the Supplement). The lower values of the Ångström Exponent are associated to the larger particles while the larger values (> 2.3) are related to the presence of small particles (< 100 nm). Thus, the nonlinearities, during this campaign, can be avoided using a threshold value for the Ångström exponent (around 2.3, see Fig. 1 in the Supplement).
Factors affecting the relationship between AOD and
PM 2.5
Aerosol vertical distribution
Using the meteorological parameters measured during the P-3B profiles, the top of the BL ranged from 500 to 2200 m, with the minimum height generally observed during the morning and gradually increasing during the day, consistent with the increase in heating in the lower troposphere. 6 . PM 2.5 measured from the EPA ground sites (Beltsville, Edgewood and Fairhill) as a function of the AOD 550 nm calculated using extinction profiles performed by the P-3B when an elevated aerosol layer aloft the BL was observed (red squares) or absent (black dots).
the BL structure analyses (D. Lenschow, personal communication, 2013) for the DISCOVER-AQ project, a distinct BuL was present in 80 % of the profiles (192 of 240). Overall, the AOD 550 nm contribution from the BL was between 57-61 % (Table 2) . Considering the study cases presented in Fig. 4 , the BL contribution to the AOD 550 nm in the usual case (i.e., highly concentrated BL and no aerosol layer aloft similar to 20 July 2011) is about 60 %, while the BuL contribution is lower than 27 %. The presence of an aerosol layer aloft (i.e., similar to 21 or 28 July 2011) dramatically decreases the BL contribution to the AOD 550 nm (less than 37 %), and thus the extinction from aerosols present in the BuL dominates the AOD 550 nm (contribution of approximately 60 %). By sorting the data as a function of the presence or the absence of a layer aloft the BL, two distinct tendencies can be observed (Fig. 6) . Indeed, when the aerosols are confined in the BL, the correlation coefficient between AOD 550 nm and the PM 2.5 is relatively high (0.91) and the slope is approximately 74, while the presence of an elevated layer leads to a wider spread of the data set (R 2 = 0.71) and a lower slope (46.3). Thus, the presence of this layer may lead to an underestimation by a factor of 1.6 of the PM 2.5 at the surface. These results illustrate the potential pitfall of PM 2.5 estimation when lofted layers are present. Figure 7 shows comparisons between AOD 550 nm derived from the P-3B profiles, the ground-based aerosol mass (PM 2.5 ), and aerosol volume measured at the lowest P-3B flight level scaled by f (RH) amb and the height of the surfacecoupled, mixed layer. The BL and the BuL heights (bounding the height of the layer (including the BL and the BuL) in which most of the aerosols are observed) are used to represent the height of this mixed layer. The color code represents the BL (Fig. 7a, b) and the BL + BuL (Fig. 7c, d) contribution to the total AOD 550 nm and highlights the importance of that parameter to retrieve the air quality from the AOD. The PM 2.5 measurements were limited to 3 out of the 6 ground sites, while the aerosol volume was measured aboard the P-3B over the 6 ground sites and thus offers a more statistically robust comparison (Fig. 7b, d) . Moreover, the comparison of the PM 2.5 with the aerosol volume concentration measured at the lowest level of the P-3B profiles shows high correlation coefficients (0.93, 0.92 and 0.89 respectively at Beltsville, Fairhill, and Edgewood). He et al. (2008) have shown that the haze layer concept (the haze layer top is defined by the height where the aerosol extinction coefficient decreases to 1/e times the aerosol extinction coefficient at the top of the BL) improves the relationship between PM 2.5 and the AOD. By integrating Eq. (2) from the surface to the top of the BuL (available from radio soundings), the relationship between the AOD 550 nm and the PM 2.5 is strongly improved (Fig. 7c, d , R 2 > 0.95 compare to R 2 ∼0.84 using the BL). The same study has been done using the haze layer calculated from the HSRL measurements (Scarino et al., 2013) , showing similar improvements (R 2 > 0.95). Nevertheless, the haze layer is a Lidar product and might not be available for most studies trying to assess the AOD and PM 2.5 relationship. The strong relationships (with low variability) between column integrated measurements and the averaged volume of the aerosols sampled within the BL + BuL show that using the BuL height instead of the BL height, provided by radiosounding measurements, will improve the PM 2.5 retrievals from the AOD 550 nm .
While we show that using the BuL height as the aerosol layer top is reasonable for the large observational data set obtained in the Baltimore-Washington metropolitan area, there may be other locations where this assumption does not hold. Indeed, the systematic presence of an aerosol layer above the BuL (only 17 % of the profiles in this study, Fig. 4c ) would increase the variability of the correlation shown in Fig. 7d . Thus, this study motivates additional work focusing on the relationship between AOD and PM 2.5 in environments where aerosol layers are frequently observed above the well-defined BL and BuL (e.g., African coast, SE United States) or in regions with especially shallow BL or BuL heights (e.g., wintertime San Joaquin Valley, CA, USA).
The direct comparison of the calculated AOD (550 nm, Fig. 5 ) and the measured PM 2.5 shows a strong correlation without taking into account the BL height and f (RH) constraints most likely due to similar properties of the aerosol sampled within the BL and the BuL (e.g., f (RH = 80 %) and effective radius). Figure 8 shows a comparison of BL and BuL values for effective radius and f (RH = 80 %). The plots show the parameter averages for each vertical layer (BL or BuL) during each P-3B profile and highlight the strong similarities of the aerosol physical (represented by effective radius) and chemical (represented by f (RH = 80 %) properties in each layer. Indeed, more than 76 % of the effective radius and 88 % of the f (RH = 80 %) values are within ± 10 % of the 1 : 1 line. Very few cases during this campaign show important differences in the aerosol physical or chemical properties. Differences between the BL and BuL aerosol properties might be more frequent over some regions where the atmospheric vertical structure of aerosols is strongly influenced by different aerosol sources.
Relative humidity
High relative humidity conditions, frequently encountered in the BL and in the vicinity of clouds, can result in significant modifications of the optical properties (Hänel, 1984; Twohy et al., 2009; Schuster et al., 2009) due to aerosol hydration. To account for this effect, the frequency of the AOD 550 nm (calculated from the σ ext,amb measured at 550 nm aboard the P-3B or measured by AERONET) at ambient relative humidity as well as water fraction (WF) (Eq. 7, Shinozuka et al., 2007) are analyzed ( Fig. 9) :
For most cases (> 60 %), the AOD 550 nm values measured at ambient RH during this campaign were lower than 0.2. Several studies report AOD 550 nm reference values for remote (Mauna Loa, Hawaii; Holben et al., 2001) , rural (Lamont (Oklahoma), Andrews et al., 2011; Bondsville (Illinois) , Fort Peck (Montana), Goodwin Creek (Mississippi), between 0.11 and 0.47 during the summer period (using at least 3 yr of measurements), while at GSFC the values were on average 0.5 ± 0.25 for the summer period (using 7 yr of measurements, 1992-1999). The values observed over the Baltimore-Washington metropolitan area are unusually low during DISCOVER-AQ in summer 2011 and are more representative of rural environment. Comparing the dry and wet AOD 550 nm highlights the contribution of the aerosol loadings versus the combined contribution of aerosol loading and water uptake. Lower AOD values (less than 0.1) were typically observed in conjunction with low RH (less than 50 %) and were not considered for this analysis. For all other cases, increased water fraction resulted in increased AOD: 15 % for AOD of 0.1, 35 % for AOD of 0.35. These results suggest that, at this location and for these profiles, the larger AOD values (> 0.4) are mainly driven by water uptake. During this campaign, the f (RH = 80 %) values, calculated at 550 nm, were observed to vary significantly from 1.28 to 1.91 on a day-to-day basis (Ziemba et al., 2013) , but the profiles were fairly constant within the BL. The f (RH)amb varied from 1.03 to 2.03 on a day-to-day basis. To isolate the dependence of AOD 550 nm on aerosol liquid water content effect from the aerosol vertical distribution, only the cases showing a BL contribution to the AOD 550 nm larger than 60 % were taken into account. Figure 10 shows the aerosol volume present in the BL (RH < 50 %), sorted as a function of the f (RH) amb averaged in the BL (larger than 1.5 and lower than 1.2) as a function of the AOD P-3B , calculated at ambient RH. It is interesting to note that the larger aerosol volume concentrations are associated to the larger values of the f (RH) amb . Slopes for the low f (RH) amb values Fig. 9 . Frequency of the AOD 550 nm retrieved from ambient extinction coefficient measured aboard the P-3B and the water fraction (WF in percent, black line) calculated using the dry and ambient AOD 550 nm measured aboard the P-3B (see Eq. 7). are twice as high as those for the higher f (RH) amb values (84 versus 40). PM 2.5 retrievals for AOD 550 nm between 0.1 and 0.16 may vary from 6 µm 3 cm −3 km for aerosols associated with low f (RH) amb values (< 1.2) to 12 µm 3 cm −3 km for aerosols associated with high f (RH) amb values (> 1.5). The PM 2.5 retrievals from AOD 550 nm measurements are thus highly dependent on the f (RH) amb of the aerosols when the Fig. 11 . Ratio of the f (RH) amb,ground to f (RH) amb,P-3B (black dots), of the averaged and maximum values as a function of the averaged relative humidity measured during the P-3B profiles within the BL. measurements were performed. Ignoring or using an unsuitable f (RH) amb of the aerosols could lead to a large error factor (from 1 up to 2, according to this data set) on the PM 2.5 retrievals.
While f (RH) amb vertical profiles are not yet available on a global scale, ground measurements of f (RH) amb or RH are available and can be applied to the entire column to improve the estimation of PM 2.5 from the AOD 550 nm . To estimate the errors induced by using the ground measurements, the f (RH) amb,ground was calculated using the RH measured at the ground sites and the scattering coefficients (ambient and dry at 550 nm) measured at the lowest level of the P-3B profiles (Fig. 11) . Under dry conditions, reasonable agreement (< 10 % error) is observed between the ground-based and P-3B f (RH) amb measurements; however, this agreement worsens considerably at RH >75 % (errors larger than 19 %). Therefore, in order to estimate the PM 2.5 from the AOD 550 nm , the ground f (RH) amb measurements should be used only when the relative humidity throughout the atmospheric column is lower than 55 %.
Similarly, the average and maximum values of the relative humidity measured aboard the P-3B are compared to the relative humidity measured at the ground. Ground-level extrapolation through the column always results in an underestimation of true RH, by 50 % under dry BL conditions and 30 % under wet BL conditions.
Conclusion
Over 240 profiles of aerosol optical, chemical, and microphysical properties were performed during the NASA DISCOVER-AQ, over the US Baltimore-Washington metropolitan area, offering an excellent opportunity to study the correlation between the air quality observations at the surface and the column integrated measurements. The aerosol optical depth (AOD) was calculated using the integration of the extinction coefficient measured at 550 nm on board the P-3B throughout the column. The measurements were performed during one month and show that the aerosol mass concentrations (PM 2.5 ) measured at the surface (EPA ground sites) and the AOD time series show strong similarities. Sorting the AOD values with the water fraction highlights that the larger AOD values are driven by water fraction.
Three different atmospheric vertical structures were commonly observed: (i) the aerosol layer is capped by the boundary layer height (60 % of the profiles), (ii) an aerosol layer capped by the top of the BuL including the BL (23 % of the profiles), and (iii) an aerosol layer disconnected from the BuL and BL (17 % of the profiles). Previous studies (AlSaadi et al., 2008; Tsai et al., 2011) have discussed the importance of taking into account the aerosol layer height to estimate more precisely the PM 2.5 from the AOD. The observations show that the variability of the extinction coefficients within the boundary layer (BL) is low (< 9 %), allowing the linear integration over the entire BL altitude range. The contribution of the aerosol present within the BL to the total AOD is used to constrain the relationship between the AOD 550 nm and PM 2.5 . As a result, different AOD versus PM 2.5 slopes are observed as a function of the presence and the optical thickness of the elevated aerosol layer. Thus, the height of the BL layer combined with the BL contribution improves the PM 2.5 estimation from AOD 550 nm . Using the top of the BuL instead of the BL top as the height for the aerosol layer dramatically improves the PM 2.5 estimation.
During this campaign, the f (RH) amb effect on the estimation of the PM 2.5 is found to be secondary compared to the aerosol vertical distribution and the contribution of the aerosol within the BL, and induced an error factor varying from 1 to 2. Moreover, the comparison of the observed f (RH) amb,P-3B and the calculated f (RH) amb,ground shows that the errors are lower than 10 % when the BL is relatively dry (< 55 %), while the errors are larger than 19 % when the BL is relatively humid (larger than 75 %).
This work examines the uncertainties associated with the use of AOD measurements to estimate ground-based PM 2.5 , and finds that accurate quantification of the aerosol mixedlayer height is paramount for accurately predicting PM 2.5 concentrations, while capturing the compositional-based f (RH) amb variability is less important for PM 2.5 estimation. During clear sky conditions, the f (RH) amb variability is found to be a second-order effect in the overall estimates. Since these results are representative of the BaltimoreWashington metropolitan area, extrapolating these results to other geographical locations must be done with care. The four field campaigns planned during the DISCOVER-AQ project offer an opportunity to perform similar studies over different regions characterized by a wide variety of aerosol sources and meteorological conditions. Together these studies will provide a better understanding of the ability of future remote-sensing retrievals to quantify surface PM 2.5 on a global or regional scale.
Supplementary material related to this article is available online at http://www.atmos-chem-phys.net/14/ 2139/2014/acp-14-2139-2014-supplement.pdf.
